Four binary polymer -solvent systems, poly(styrene)-tetrahydrofuran, poly(styrene) -p-xylene, poly(methyl methacrylate) -ethylbenzene and poly(methyl methacrylate) -tetrahydrofuran, systems have been studied. It has been observed that thicker coatings will retain a higher amount of the residual solvent as compared to thinner coatings. In the case of poly(styrene)-tetrahydrofuran coating residual solvent remaining within the coatings were 9.09% and 4.74% for the coatings of the thicknesses of 967 micron and 559 micron, respectively. Similar trends were also observed in the case of poly(methyl methacrylate)-ethylbenzene, poly(methyl methacrylate)-tetrahydrofuran, and poly(styrene)-p-xylene systems.
INTRODUCTION
Several polymer coatings such as adhesives, magnetic media, audio and video tapes are made by applying a polymer solution, made by dissolving a polymer in a solvent(s), on a moving followed by drying. Thin fi lm polymeric coatings are made using thin fi lm coating technology. Coatings are used in synthetic fi bers, photographic fi lms, and magnetic media etc. The fi nal structure and the coating properties are governed by the proper drying conditions i.e. air fl ows, oven temperature and the drying time. Low quality, internal gradients, phase separations, non-uniformitities and stress related defects may occur due to improper drying conditions. Drying is the last and quality control step. Simultaneous heat and mass transfer operations occur during the course of drying of the volatile solvents from the coating.
Drying behavior of polymer solution coatings involves two steps, (i) transport of the solvent with the coating towards the surface, (ii) removal of the solvent from the surface. The resistance to drying due to the diffusional transport of the solvent within the coating is called internal resistance and the resistance to solvent removal due to evaporation at the surface and transport into the gas phase is called external resistance to drying. Internal diffusion becomes controlling factor at the later stage in drying of polymer coatings and determines the fi nal solvent content with the coating. In the initial stages the rate of evaporation will be lower than or equal to the rate of diffusion of the solvent within the coating due to high initial concentration of the solvent with the coating. Diffusion in the polymeric coatings is a strong function of the solvent weight fraction within the coating. Therefore, in the beginning drying is externally controlled due to evaporation only. As the solvent departs from the coating, the rate controlling step for drying shifts from external mass transfer to internal mass transfer within the coating . Diffusion induced convection is responsible to move the solvents from the coating to the surface. Diffusion coeffi cient drops dramatically as the solvent concentration falls withhin the coating 1 . Fick's law defi nes the fl ux of the solvent in a binary system to be proportional to the solvent concentration gradient. The mutual diffusion coeffi cient characterizes the solvent and polymer transport properties 2-4 .The selection of the coating technique depends on the application of the coating. Industrial polymeric coatings can be made by dipping, fl ow coating, and spraying. Some coatings are applied by brushing, rolling, printing, and silk screening 5 . In industrial processes, a homogeneous polymer solution is applied on the substrate. Coatings are produced in the form of webs which are subjected to the multizone dryers that produce a thin sheet of some nonvolatile material on the substrate. A colloidal mixture of non-volatile solute and volatile solvent forming a homogeneous solution is used in the process. The loss of the solvent occurs due to evaporation from the surface. Jets of hot air may be blown from the top and bottom of the coating at an optimum temperature above the boiling point of the solvent but below the boiling point of the coating to avoid defects 6 . Drying conditions such as air fl ows, fi lm thickness, relative humidity, temperature are responsible for fi nal structure and properties of the coatings 7 . The aim of drying is to remove the solvent(s) from a wet coating to the desired levels without inducing any defects such as blisters, cracking and blush. Drying is usually accomplished in multi-zone dryers where in each zone hot air is blown over the coating. Many other dryer confi gurations exist in practice, which have been characterized by the heat transfer coeffi cient obtained in them 8 . In few confi gurations, the air fl ows only on the top side and parallel to the coating.
The air temperature and its fl ow rate constitute important operating conditions of a dryer. The conditions could change from one zone to the other to achieve the drying goals. Improper choice of the conditions could generate defects in the coatings during drying and lead to production losses. Price and Cairncross 9 studied the effect of operating conditions on blister formation during drying in a single-zone dryer. They defi ned the bubble point temperature as the temperature at which the solvent partial pressure becomes equal to the ambient pressure. The bubble point temperature falls from the top of the coating to its bottom because the solvent concentration and, hence, its activity rises in that direction. They sta-ted that whenever the coating temperature exceeds the bubble point temperature, blisters are induced.
Earlier researchers 9-15 have reported the simulation study of binary coatings . This work deals with the experimental study of binary polymeric coatings using gravimetric analysis.
EXPERIMENTAL SECTION
Polymer fi lms were made using solution casting mechanism. Polymer -solvent solutions were made in the leach proof bottles. Continuous manual shaking was done for 30 min four times a day for four weeks in order to get the homogeneous polymer-solvent solution. Four binary polymer-solvent systems were made: containing 10.24 wt% poly(styrene)(PS)-89.76 wt% tetrahydrofuran(THF), 10.09 wt% poly(styrene)-89.91wt% p-xylene, 9.87wt% poly(methyl methacrylate)(PMMA)-90.13wt% ethylbenzene(EB) and 10.04 wt% poly(methyl methacrylate)-89.96wt% tetrahydrofuran. All chemicals have been used without any further purifi cation and are given in Table 1 .
The weight of the empty sample holder was recorded and then a known amount of polymeric solution was poured into the cylindrical holder with the help of micropipette. For an instance, 177 micro liters PS -THF solution is needed to get a thickness of 967 microns. The cylindrical sample holders were 1000 microns deep with a diameter of 15000 microns. It was made of stainless steel. Mass transfer will take place only from the top into the air since the substrate is impermeable. However, heat transfer can take place both from the top and bottom sides. All the experiments were performed in the air conditioned room without any air fl ow. The average temperature of the room was maintained at 292±1 K. As soon as the solution was poured into the holder, the mass of the sample holder and the polymer solution were recorded with time using Sartorius analytical weighing balance having the accuracy of ± 0.0001 g. Instantaneous thickness of the coating was calculated from the instantaneous mass of the coating recorded from the weighing balance as follows:
Let the mass of the coating at any time be m coating having m polymer amount of the polymer in the beginning. The mass of the solvent within the coating at that instant,
The volume of the coating , assuming no volume change on mixing, instantaneous thickness of the coating, Figure 1(a) shows the average concentration of THF with time in PS -THF coating. THF concentration fell very rapidly due to a higher rate of evaporation and the process is externally mass transfer controlled. Later on, the mass transfer process becomes diffusion control within the coating. Diffusion in polymeric solution is the strong function of concentration. Therefore, the diffusion coeffi cient decreases signifi cantly . Vrentas and Duda
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have studied the effect of solvent weight fraction on the diffusion coeffi cient and the results indicates that its value decreases by several orders of magnitude with the decrease in the solvent weight fraction. As the amount of tetrahydrofuran falls, the weight of coating will also decrease with time and after a certain period of time there will be no signifi cant changes in the coating weight. Hence, drying will be shut off for practical purposes. Coating-gas interface moves towards the substrate due to the loss of solvent from the coating. In thicker coatings, top surface will get dried completely very soon and will have nearly pure polymer layer up to few microns only. This nearly pure polymer layer is transparent and looks like glass, therefore, it is called as the glassy layer in polymer coating nomenclature. This glassy layer will not allow any solvent evaporation from the coating. Hence, higher concentration of solvent in the thicker coating PS average concentration increased within the coating as the solvent is departing from coating as shown in Figure 1(b) . Figure 1(c) shows the percentage of residual solvent content of the coating. Hence, drying is shut off for practical purposes with time. Almost 90% solvent was removed during the initial 200-500 s. Up to 300 s; drying behavior is nearly linear due externally controlled mass transfer. It is called the nearly constant rate period. The falling rate period has been observed from 300-600 s. Beyond 600 s, there is no signifi cant change in the residual solvent content of the coating.
PS -p-xylene, PMMA -THF and PMMA -EB have also been studied and similar trends have been observed as in the case of PS -THF system and are shown in Figures 2 , 3 and 4 (a), (b) and (c) respectively. There is a shift in the constant rate period due to high enthalpy of vaporization and low mass transfer coeffi cient of p-xylene.
According to free-volume theory
2-3
, diffusion in polymeric solution is a strong function of polymer and solvent jumping unit. Jumping unit is the size of polymer chain or solvent molecule which takes part in the diffusion transport. As the molecular weight becomes higher, the size of jumping units will be higher and hence a low diffusion coeffi cient. The low diffusion coeffi cient results in higher residual solvent and longer drying time. The effect of solvent and polymer jumping unit can be observed from Figure 1(c) and 2(c) . Nearly 95% solvent has been removed in 600s in PS -THF system as shown in Figure 1(c) . However, in the case of PS -p-xylene system, 95% of the solvent is removed in 6000s as shown in Figure 2 (c) for the same initial concentration of the solvent since the size of p-xylene jumping unit is larger then THF system 17-18 . Both experiments were performed under the same drying conditions. A similar observation have been made in the case of PMMA -THF and PMMA-EB systems. In PMMA -THF system, 95% solvent has been removed in 500s while in the case of PMMA -EB system, 95% solvent has been removed in 6000s as shown in Figure 3 (c) and 4(c), respectively. The coating having high volatile solvent are drying faster and have less residual solvent as shown in Table 2 .
Higher molecular weight solvents and polymers give a higher amount of residual solvent because higher mole-cular weight solvents will have lower diffusion coeffi cient due to larger jumping unit as shown in Table 3 .
Thicker coating will retain a higher amount of residual solvent within the coating due to glassy layer formation on the on the surface as shown in Table 2 . For 500s, in the case of PS-THF system, 9.09% of the residual solvent remained for 967 micron thickness, as comparatively thinner coating retain less amount of the residual solvent 4.74% for 559 micron thickness and PMMA-EB system, 972 micron coating thickness retained 93.10% and 404 micron thicknesses retained 82.35% residual solvent. Similarly for PS-P-xylene system retained 93.10% for 996 micron thickness as a thicker coating and thinner coating retained 90.50% for 592 micron thickness. PMMA-THF system retained 10.78% for thicker coating and thinner coatings retained 8.46% for 846 μm and 565 μm respectively. The results reported in this work are in agreement with the earlier simulation studies 9,15 . Khandelwal et al. 15 have performed an extensive simulation study to see the effects of coating thickness, oven temperatures, top and bottom air fl ow rates and the amount of polymer in the coating. They have concluded that thicker coatings should be dried at low temperature to minimize the residual solvent within the coating to avoid boiling of the coating. The residual solvent increases with an increase in the coating thickness.
CONCLUSIONS
The effect of the coating thickness has been investigated for PS-THF, PS-p-xylene, PMMA-THF and PMMA-EB coatings. The result shows that thicker coating will retain a higher amount of residual solvent compared to thinner coatings. Higher molecular weight solvents and polymers result in the higher amount of the residual solvent due to a low diffusion coeffi cient within the coating. Higher molecular weight solvent will retain a higher amount of the residual solvent.
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